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Energy in the form of electricity can be harvested from marine sediments by placing a graphite electrode (the anode) in the anoxic zone and connecting it to a graphite cathode in the overlying aerobic water. We report a specific enrichment of microorganisms of the family Geobacteraceae on energyharvesting anodes, and we show that these microorganisms can conserve energy to support their growth by oxidizing organic compounds with an electrode serving as the sole electron acceptor. This finding not only provides a method for extracting energy from organic matter, but also suggests a strategy for promoting the bioremediation of organic contaminants in subsurface environments.
The organic matter stored in anoxic subsurface environments and aquatic sediments represents a large potential source of energy. Although some of this organic matter, most notably petroleum, is in a concentrated form that can readily be extracted and used, most of the organic matter cannot be converted to useful energy by current technologies. However, anaerobic microorganisms capable of using organic matter inhabit anoxic subsurface environments and continually tap into this energy reservoir. It was recently shown that electrical current could be harvested from anoxic marine sediments by embedding an electrode (the anode) into the sediment and connecting it through electronic circuits to a similar electrode in the overlying aerobic seawater (the cathode) (1).
Even with a simple, unmodified graphite electrode, the magnitude of current produced, ϳ0.01 W/m 2 , was sufficient to theoretically power marine-deployed electronic instrumentation. Killing the microorganisms in the sediments inhibited current flow (1) .
To further evaluate the potential role of microorganisms in electron transfer to the anode, we constructed sediment batteries in laboratory aquaria in a manner similar to that described in (1), with graphite anodes in the anoxic marine sediment and graphite cathodes in overlying aerobic water (2) . Electrical power output from these batteries was continuous, averaging 0.016 W per square meter of electrode surface area in three independent experiments during 6 months of current harvesting. After this energy-harvesting phase, microbial communities attached to the anodes were compared to communities on identical control electrodes that had been placed in the same sediments for the same length of time but were not electrically connected to the electrode in the overlying water.
Analysis of 16S ribosomal DNA (rDNA) genes (3) (4) (5) (6) demonstrated that there was a pronounced enrichment of microorganisms from the ␦-subgroup of the Proteobacteria colonizing energy-harvesting anodes (7). Whereas only 17 Ϯ 4.3% (mean Ϯ SD, n ϭ 3) of 16S rDNA sequences from control electrodes were in the ␦-subgroup of the Proteobacteria, 71.3 Ϯ 9.6% (mean Ϯ SD, n ϭ 3) of the 16S rDNA sequences from microorganisms colonizing anodes of the current-producing batteries were in this subgroup. Furthermore, 70% of the increase in ␦-Proteobacterial sequences was due to a single cluster of bacteria in the family Geobacteraceae, a group of anaerobic microorganisms that can couple the oxidation of organic compounds to reduction of insoluble Fe(III) oxides (8, 9) . The organism in pure culture most closely related to the sequences repeatedly enriched on anodes (7) was Desulfuromonas acetoxidans, a marine microorganism known to grow anaerobically by oxidizing acetate with concomitant reduction of elemental sulfur (10) or Fe(III) (11) . Enumeration of Desulfuromonas 16S rDNA sequences by a mostprobable-number polymerase chain reaction (MPN-PCR) technique (12) revealed that Desulfuromonas target sequences on anodes from current-generating batteries were enriched by a factor of 100 relative to those on anodes from control batteries.
To further investigate the specific enrichment of microorganisms on anodes, we inoculated the anoxic side of a two-chambered microbial battery with sediment; the seawater was periodically changed with fresh acetate-amended anoxic seawater (13) . Replacing the medium diluted the sediment and microorganisms from the inoculum that were not growing, while resupplying acetate, the primary intermediate in the degradation of organic carbon in anoxic sediments (14) . After 85 days, 16S rDNA sequences from bacteria attached to the anode were examined. All of the anode-attached bacteria detected were members of the ␦-Pro-teobacteria, with the majority (70%) of the sequences most closely related to the genus Desulfuromonas.
When a pure culture of D. acetoxidans was placed in the anaerobic compartment of the two-compartment cell, with only sterile oxygenated buffer in the aerobic compartment (15), addition of acetate resulted in immediate current flow at a density (0.014 W/m 2 ) comparable to that observed in the sediment microbial batteries (Fig. 1) . The addition of anthraquinone-2,6-disulfonate (AQDS), a known electron transfer mediator between Geobacteraceae and Fe(III) oxides (16) , increased current production only 24%, even though the electrode readily accepted electrons from reduced AQDS in cell-free controls. Killing the culture by heating to 65°C rapidly inhibited current production.
We found that D. acetoxidans conserved energy to support growth from electron transfer to the electrode (17) , as evidenced by an increase in electrical current, and growth of the organism over time (Fig. 2) . The increase in cell protein (12.4 mg/liter) was accompanied by the consumption of 1.05 mM acetate and the harvesting of 6.92 meq ( per liter) electrons. The cell yield from growth with the electrode as the electron acceptor (1.79 mg of protein per milliequivalents of electrons) was similar to yield values observed when D. acetoxidans was grown on more common electron acceptors. There was no growth in incubations containing electrodes and acetate in the absence of electrical current harvesting. The oxidation of acetate to carbon dioxide yields eight electrons; thus, 82% of the acetate loss could be accounted for as acetate oxidation with the electrode serving as the terminal electron acceptor. When it is considered that some acetate is required for cell biosynthesis, this finding demonstrates that D. acetoxidans was growing as a result of acetate oxidation coupled to reduction of the electrode. Similar studies with Geobacter sulfurreducens, a member of the Geobacteraceae family that grows in freshwater environments, demonstrated that this close relative also oxidized acetate with the electrode serving as the sole electron acceptor.
Another close relative, Geobacter metallireducens, was previously shown to oxidize a variety of aromatic contaminants with the reduction of Fe(III) (18) . When G. metallireducens was inoculated into a vessel containing benzoate as the electron donor and only a graphite electrode as the electron acceptor, current was produced and benzoate was consumed. When a portion (10%) of this culture was transferred to a new vessel containing only benzoate and an electrode, current production and benzoate oxidation were again initiated (Fig. 3) . In these experiments, benzoate (0.48 mM) was completely oxidized to CO 2 , and 84% of the electrons derived from benzoate oxidation were recovered with the electrode.
This ability of Geobacteraceae to oxidize organic compounds with an electrode serving as the electron acceptor has implications for harvesting energy from waste organic matter, and also suggests a means for bioremediation of subsurface environments contaminated with organic compounds. Production of electricity by bacteria has previously been reported, but only in highly artificial systems amended with mediators such as neutral red, potassium ferricyanide, or thionine, which shuttle electrons from the cells to the surface of the electrode (19 -21) . It would be impractical to maintain sufficient concentrations of electron-shuttling compounds for . 3 . Growth of G. metallireducens in a two-chambered poisedpotential system, using only a graphite electrode as the electron acceptor and benzoate as the electron donor, with the working electrode poised at ϩ200 mV versus an Ag/AgCl reference electrode. Cells for inoculation were grown in a similar device under identical conditions, and a 10% inoculum of electrode-grown bacteria was used to initiate growth in the experiment shown.
long-term electricity harvesting in open systems such as sedimentary environments. Microbial communities consisting of fermentative microorganisms and Geobacteraceae are capable of degrading complex assemblages of organic matter (22) . Thus, it seems likely that Geobacteraceae could aid in the harvesting of energy not only from aquatic sediments and subsurface environments, but also from a wide variety of organic waste materials. Molecular studies have shown that microorganisms in the Geobacteraceae are important members of the microbial community involved in the anaerobic degradation of aromatic hydrocarbons in petroleum-contaminated aquifers (23, 24) , but this metabolism is often limited by the availability of Fe(III) (25) . It may be possible to simply use electrodes to increase the electron-accepting capacity of contaminated sediments and enhance bioremediation of the subsurface. Further study of the mechanisms for electron transfer from the Geobacteraceae to electrodes should aid in designing strategies to optimize these processes.
